SUMMARY Indomethacin inhibits the synthesis of prostaglandin and the release of renin. These effects were studied in normal rabbits and rabbits with two-kidney Goldblatt hypertension (2KGH) and one-kidney Goldblatt hypertension (1KGH) by giving daily intravenous injections of indomethacin (3 mg/kg after two initial doses of 9 mg/kg), and in appropriate control rabbits given diluent phosphate buffer without indomethacin. In normal rabbits, indomethacin significantly decreased immunoreactive plasma prostaglandin E-like substance (IPGE) and plasma renin activity (PRA). Indomethacin did not change plasma creatinine (PCr) or mean blood pressure but it decreased renal blood flow (RBF) and glomerular filtration rate (GFR). In 2KGH rabbits, responses depended on the level of renal function and, to a lesser extent, on the level of PRA. In six of 10 2KGH rabbits in which hypertension developed without significant changes in PRA, IPGE, PCr, RBF, and GFR, indomethacin produced changes similar to those seen in normals. In the other four rabbits, development of 2KGH was accompanied by increased PRA, increased IPGE, and decreased RBF and GFR, and indomethacin produced renal failure, oliguria, malignant hypertension, and death within 5 days. In 1KGH rabbits, indomethacin decreased IPGE, PRA, and renal function but increased mean blood pressure. These observations suggest that prostaglandins exert a protective effect on renal function in renovascular hypertension.
RECENT evidence suggests that the vasodilator and natriuretic actions of prostaglandins and their inhibitory effect on adrenergic activity' may play important roles in the homeostatic regulation of renal blood flow and arterial blood pressure. In agreement with this line of thought, a hypothesis has been advanced suggesting that renal ischemia subsequent to a deficient synthesis of prostaglandin in the kidney may induce hypertension secondary to salt retention and stimulation of renal pressor principles. 2 This concept has been supported by preliminary reports showing that the blockade of prostaglandin synthesis by indomethacin results in a significant increase in blood pressure in normal rabbits 3 and aggravates renovascular hypertension in rats. 4 In these reported studies, changes in plasma renin activity and renal function were not measured. Such measurements might have allowed a better understanding of the mechanism underlying the elevation in blood pressure.
The present study was designed to examine the effect of the administration of indomethacin (3 mg/kg) on blood pressure, plasma renin activity (PRA), plasma levels of immunoreactive prostaglandin E (IPGE), plasma creatinine (PCr), renal blood flow (RBF), and glomerular filtration rate (GFR) of normal rabbits and of rabbits rendered hypertensive by constriction of one renal artery with [twokidney Goldblatt hypertension (2KGH)] and without [one-kidney Goldblatt hypertension (1KGH)] the contralateral kidney remaining in situ.
Methods

ANIMAL PROTOCOL
The study involved 42 male New Zealand rabbits weighing 2.5-3.0 kg. After a control period of 6 days, during which basal values were obtained for PRA, IPGE, PCr, RBF, and GFR, the left renal artery was constricted in 28 rabbits. The remaining 14 rabbits did not undergo surgery and were used as the normal group. At the end of the 2nd week the contralateral kidney was removed from 14 of the 28 clipped rabbits. For this procedure the rabbits were not randomly selected; the contralateral kidney was removed from the rabbits that exhibited the lesser increase or no change in blood pressure 1 week after clipping. Thereafter, all the rabbits were housed in metabolic cages and fed VOL. 40, No. 1, JANUARY 1977 regular rabbit pellets (Purina Rabbit Chow) and water ad libitum for 35 days. During this time, hypertension developed in all the clipped and in the clipped-unilaterally nephrectomized rabbits. At the end of the 35th day treatment with indomethacin was begun with two injections of 9 mg of indomethacin each, 2 hours apart, followed by 3 mg/kg per day for 10 days administered in two doses at 12:00 a.m. and 12:00 p.m. by the same route. As in previous studies, 5 ' 6 these doses of indomethacin were suspended in 0.5 ml of phosphate buffer (pH 8.4). This treatment was given to 10 of the 14 normal rabbits, 10 of the 14 rabbits with 2KGH, and 10 of the 14 rabbits with 1KGH. The remaining four rabbits in each group (four normals, four 2K.GH, and four 1KGH) were treated with an identical amount of phosphate buffer that did not contain indomethacin.
BLOOD SAMPLING AND PREPARATION OF PLASMA FOR DETERMINATION OF PRA, IPGE, AND PCr.
During the 6-day control period and during the 35 days that followed the surgical procedure, 6-ml blood samples for determination of PRA, IPGE, and PCr were obtained every week. Blood samples also were drawn 9 hours after treatment with indomethacin began and daily or every other day during the 10 days of treatment. The samples were drawn between 8:00 a.m. and 9:00 a.m. from a 21-gauge needle inserted in the central artery of the ear. The first 2 ml were collected in a separate tube for determination of PRA, whereas the remaining 4 ml were collected in different tubes for determination of IPGE and PCr. This was done to avoid an artifactual increase in PRA induced by blood sampling. Blood samples for determination of PRA were centrifuged, and plasma was separated and kept frozen until determination by radioimmunoassay.
7 A similar procedure was followed for PCr. Plasma samples for determinations of IPGE were separated after refrigerated centrifugation and were frozen immediately at 0°C until extraction. Plasma (1 ml) was acidified to a pH between 3 and 4 with 1 N HC1; 4 ml of redistilled ethyl acetate (Fisher Chemical) were added to plasma and vortexed vigorously for 30 seconds. After centrifugation (2,000 rpm, 5 minutes) the ethyl acetate phase was separated, and the residue was extracted again with an equal amount of ethyl acetate. Both extractions were then combined and flash evaporated (Buchler-Rotary Evapormix).
Column chromatography was performed according to the procedure recommended by Caldwell et al. 8 After separation of IPGE and conversion to prostaglandin B (PGB) by alkaline treatment, 5 PGB was radioimmunoassayed using labeled PGB, and anti-PGB 2 antibodies (Clinical Assays). Free-labeled PGB, was separated from PGB, bound to antibodies with charcoal. 8 Final values are expressed in nanograms per milliliter of plasma. Recoveries from extraction and column separation obtained with 3 Hlabeled prostaglandin E, ( 3 H-PGE,) (New England Nuclear) in 30 samples from normals, 30 samples from 2KGH, and 30 samples from 1KGH ranged from 50% to 70%. Conversion of PGE to PGB in these samples ranged from 90% to 95%.
Renal clearances of p-aminohippurate (PAH) and inulin (In) were performed on the 6th day of the control period, on the 35th day after the development of hypertension, and on the 5th and 10th days of treatment with indomethacin. This was done by giving the priming and maintenance dose of In and PAH through the marginal vein of the right ear. Blood samples (3 ml) for determination of In and PAH were obtained through a 21-gauge needle inserted in the central artery of the ear. In general, the procedure was identical to that used in previous studies, 9 with the exception that urine samples were collected through a 7-Fr. cannula (Foley) inserted into the bladder through the urethra rather than by catheterizing the ureters. During the experiment, blood pressure was recorded with a modification of the Grant-Rothschild capsule 10 except during the 9 hours that followed the first two injections of indomethacin when blood pressure was recorded on a polygraph (Grass model 7) connected to a transducer (Statham DB23) that sensed pressure through a 21-gauge butterfly needle placed in the central artery of the ear. This was done to detect acute changes in blood pressure. PCr levels were estimated by a modified picric acid method 6 used in previous studies." PRA was measured by radioimmunoassay according to the procedure of Haber et al. 7 Anti-angiotensin I antibodies were obtained from New Zealand rabbits treated with serum albumin-angiotensin 1 complex prepared according to the procedure of Goodfriend et al. 12 Angiotensin I labeled with 125 I and inhibitors of the converting enzyme angiotensinase were purchased from Squibb. The reproducibility of this method has been published elsewhere.
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STATISTICAL ANALYSIS
The significance of differences in changes between the groups or occurring within one group at different times was analyzed by the unpaired and paired /-test. When the variances between the two groups were unequal, treatment differences were analyzed by a rank-sum test.
Results
EFFECT OF INDOMETHACIN ON BLOOD PRESSURE, PRA, IPGE, AND RENAL FUNCTION OF NORMAL RABBITS
During the control period, as well as during the 35 days preceding treatment with indomethacin, blood pressure, PRA, RBF, PCr, and IPGE remained constant in normal rabbits (Fig. 1 ). The administration of indomethacin was followed during the next 24 hours by a significant (P > 0.01) decrease in the mean \alues of IPGE. On the 10th day of treatment, these mean values returned to approximately 50% of the control values.
Changes in IPGE were accompanied by a significant (85%) (P < 0.01) decrease in the mean value of PRA, and this decrease remained during the 10 days of treatment. On the contrary, no significant changes were detected in blood pressure during the first 5 days of treatment; later, the blood pressure decreased slightly. The total decrease from the 5th day to the 10th day was 12 mm Hg(P < 0.05).
On the 10th day, indomethacin induced moderate but significant (P < 0.05) decreases in RBF (from 40.4 ±3. 
FIGURE 1 Effect of indomelhacin treatment on normal rabbits. Plasma renin activity (PRA) immunoreactive plasma prostaglandin E-like substance (IPGE) were reduced, but renal blood flow (RBF) and plasma creatinine did not change. Mean blood pressure did not change significantly. Hatched area represents range of individual values.
to 33.9 ± 1.3 ml/min) and GFR (from 8.2 ± 0.6 to 5.1 ± 0.5 ml/min) ( Fig. 1 ). PCr levels did not change significantly. The administration of phosphate buffer without indomethacin to four normal rabbits did not result in any significant change in any of the parameters studied ( Table   1) .
Histological examination of the kidneys removed from the normal rabbits that were treated showed localized areas of interstitial and periglomerular fibrosis infiltrated with inflammatory cells. These lesions were absent in the nontreated rabbits.
EFFECT OF INDOMETHACIN ON BLOOD PRESSURE, PRA, IPGE, AND RENAL FUNCTION ON 2KGH RABBITS
In six rabbits the clipping of one renal artery caused a significant (P < 0.01) increase in mean arterial pressure of 36 ± 3 mm Hg but no significant change in PRA, RBF, IPGE, or PCr (Fig. 2) . In four other rabbits the renal arterial constriction elicited a much greater increase in mean arterial pressure. The increase in blood pressure in these four rabbits was accompanied by a significant increase (P < 0.05) in PRA and IPGE. These four rabbits also showed significant reductions (P < 0.01) in RBF.
The response to indomethacin was different in these two groups of rabbits. In the group of six rabbits in which hypertension evolved without changes in RBF, indomethacin treatment was followed by a series of changes that resembled those noted in normal rabbits, in that the initial decrease in circulating prostaglandin was accompanied by a marked decrease in PRA with no increment in blood pressure. These rabbits also exhibited a transient decrease in RBF (from 40.0 ± 1.4 to 26.8 ± 1.8 ml/min) and GFR (from 8.5 ± 0.4 to 5.4 ± 0.1 ml/min) on the 5th day of treatment. However, PCr remained unaltered during the treatment.
In the four 2KGH rabbits that had decreased RBF in response to clipping, treatment with indomethacin caused renal failure with a progressive increase in PCr, oliguria, and malignant hypertension and a progressive increase in PRA. These rabbits did not survive for more than 5 days.
All these described changes induced by indomethacin in 2KGH rabbits were not observed in the control 2KGH untreated group in which the administration of phosphate buffer without indomethacin did not result in any significant change in BP, PRA, IPGE, or PCr ( Table 1) .
The histological appearance of kidneys from six 2KGH rabbits treated with indomethacin revealed the existence of interstitial and periglomerular fibrosis and infiltration with chronic inflammatory cells similar to those found in the normal group that was treated. These lesions were more frequent in the contralateral than in the clipped kidney, and grossly the involvement of the renal parenchyma was greater than that seen in the normal group that was treated. On the contrary, the occurrence of interstitial and periglomerular fibrosis was rare in the group of untreated 2KGH rabbits.
Unfortunately, the sudden death of 2KGH rabbits precluded a systematic histological evaluation, but the kidneys obtained from two of these rabbits, 24 and 36 hours after the development of malignant hypertension, showed microscopic lesions that resembled those seen during the development of experimental vasomotor acute renal fail- Figure 1 .
FIGURE 2 Effect of indomethacin on 2 KGH rabbits. Six rabbits (closed circles, solid bars) showed changes similar to those seen in normal rabbits. Four rabbits (open circles, open bars) showed increased PRA and IPGE with decreased RBF during development of 2 KGH; in these rabbits, indomethacin produced renal failure, malignant hypertension, and death within 5 days. 2KGH = twokidney Goldblatt hypertension; other abbreviations as in
ure." The renal tubules were filled with hemoglobin casts, and there was evidence of epithelial and glomerular ischemic lesions. These histological disturbances were similar in severity in the contralateral and the clipped kidney. In one of these rabbits, in the contralateral kidney there were numerous renal infarctions.
EFFECT OF INDOMETHACIN ON BLOOD PRESSURE, PRA, AND RENAL FUNCTION IN 1KGH RABBITS
Changes in blood pressure, PRA, RBF, PCr, and IPGE occurred during the development of 1 KGH and during the subsequent treatment with indomethacin (Fig. 3) .
The development of one-kidney hypertension in this group was not accompanied by any significant changes in PRA, PCr, or IPGE. However, there was a significant (F < 0.05) reduction in RBF (from 38.5 ± 2 to 27.3 ± 1.46 ml/min) and GFR (from 7.4 ± 0.3 to 5.45 ± 0.26 ml/ min). The decrease in renal flow was accentuated during the treatment with indomethacin. On the 5th and 10th days of treatment, the mean values of RBF were decreased by 20% from those recorded immediately before treatment. During the indomethacin treatment the rabbits developed a progressive oliguria. The PCr exhibited a progressive and significant (P < 0.01) increment, which was paralleled by a significant (P < 0.01) increase in blood pressure. On the 10th day of treatment the mean values for blood pressure increased significantly (P < 0.05) over those recorded before treatment began. The administration of indomethacin to 1KGH rabbits resulted in a significant (P < 0.01) decrease in PRA and IPGE. As in previous treated groups, the decrease in IPGE was not sustained and the values measured on the 8th and 10th days of treatment had returned to 50% of the pretreatment levels. None of these changes was observed in the group of 1KGH control rabbits that were not treated with indomethacin ( Table 1) .
The histological appearance of these kidneys was similar to that found in the 2KGH rabbits that did not develop malignant hypertension. The histological alterations of renal parenchyma produced by the interstitial and periglomerular fibrosis were the same. However, four of these rabbits had renal cortical infarction that was not seen in any other group, with the exception of one of the four rabbits that developed malignant hypertension.
Discussion
The major finding of this study is that the blockade of prostaglandin synthesis by the administration of indomethacin to normal rabbits and to 2KGH and 1KGH rabbits is not accompanied by any significant increase in blood pressure unless the treatment induced a significant reduction in the renal function. Our data also showed that renal failure did not occur in a consistent fashion, occur- Figure I .
FIGURE 3 Effect of indomethacin on I KGH rabbits. PRA and IPGE were reduced, hypertension was aggravated, RBF was decreased, and plasma creatinine was increased by indomethacin treatment. 1 KGH = one-kidney Goldblatt hypertension; other abbreviations as in
ring only in rabbits that exhibited an RBF below normal at the time treatment with indomethacin began. These findings strongly suggest that the elevation of blood pressure produced by indomethacin is not a phenomenon strictly related to the blockade of prostaglandin synthesis but one indirectly mediated by a decrease in renal function. Therefore, it is relevant to analyze why indomethacin induced renal failure only in rabbits that already had a significant decrease in RBF and to evaluate whether there is an identifiable factor common to the production of renal failure and the aggravation of hypertension.
Previous studies have shown that the reduction of RBF induced by mechanical occlusion of the renal artery 14 or by infusion of angiotensin II 15 elicits the release of prostaglandin E. These findings suggested that the vasodilator action of renal prostaglandin E could be important as a local regulator in minimizing renal ischemia.
14 This concept has received further support from other investigators who have shown that prostaglandin may be responsible for the reactive hyperemia that occurs after the temporary occlusion of the blood supply to the kidney 1 " and to other tissues such as skeletal 17 and cardiac 18 muscle. If the enhanced synthesis of prostaglandin which follows renal ischemia is chronically operative, 19 then it could be assumed that the remaining RBF in kidneys in which the circulation was severely impaired by the narrowing of the renal artery (such as the clipped kidney of 2KGH and 1KGH rabbits) or by the vasoconstrictor action of excessive amounts of circulating angiotensin (such as the contralateral kidney of rabbits with 2KGH and high levels of PRA) is primarily maintained by an enhanced synthesis of prostaglandin. Hence, blockade of prostaglandin synthesis in these kidneys would lead to a significant reduction in RBF and renal failure. In contrast, such effects are not seen when the renal circulation is not severely impaired (as in normal rabbits or in 2KGH rabbits that have normal RBF). The validity of these assumptions is further supported by the finding in previous studies 20 that the decrease in RBF produced by indomethacin is proportional to the previous decrement in RBF and indicates that the importance of renal prostaglandins in maintaining RBF increases with the degree of renal ischemia. Furthermore, the concept that the enhanced synthesis of renal prostaglandin plays an important role in the maintenance of the remaining RBF when renal circulation is compromised also comes from the previous finding" that the blockade of prostaglandin synthesis with indomethacin aggravates the course of glycerol-induced (vasomotor type) renal insufficiency in which the major initial pathological event is believed to be an exaggerated constriction of the glomerular afferent arterioles. 21 In contrast, indomethacin does not aggravate the course of the nephrotoxic type of acute renal failure induced by mercuric chloride 11 in which the primary event is tubular damage. 22 Thus, the histological appearance of renal tubular and glomerular ischemic lesions and renal infarction seen in kidneys from rabbits with severe 2KGH and 1 KGH might be caused by the cessation of the vasodilator protective effect of prostaglandins.
In analyzing the consequences derived from the blockade of prostaglandin synthesis, one should consider the difficulties in ruling out the possibility that such effects were produced directly by indomethacin. These drawbacks have been partially overcome by other investigators who determined the reproducibility of the observed effect when the blockade of prostaglandin synthesis was induced by other aspirin-like substances such as meclofenamate. 23 These uncertainties cannot be resolved by the results of this study, which was designed to define the mechanisms underlying the reported elevation in blood pressure when the synthesis of prostaglandin is blockaded with indomethacin.
3 ' 4 Within this context, renal insufficiency followed the treatment with indomethacin and was observed only in rabbits that already had a significant decrease in RBF. Because blood pressure increased only in rabbits that developed renal insufficiency, blood pressure should be analyzed further to determine to what extent further increases were conditioned by failure in renal function. If the blood pressure of 1KGH rabbits were "volume-dependent" 24 and they developed progressive renal failure with a urinary output significantly lower than that found in 1KGH untreated control rabbits, it would be logical to assume that the extracellular fluid volume of these rabbits was expanded during the treatment with indomethacin and that this expansion contributed to the aggravation of hypertension.
The aggravation of hypertension induced by indomethacin in 1 KGH rabbits was also accompanied by an upward trend in PRA (Fig. 3) . However, several factors tend to abrogate its importance in the aggravation of hypertension: first, the maintenance of one-kidney hypertension is relatively independent of changes in PRA; 25 ' 26 second, in these same rabbits, one-kidney hypertension occurred without significant change in PRA; and third, the significant decrease in PRA which followed the treatment with indomethacin was not accompanied by any change in blood pressure.
In analyzing the factors responsible for blood pressure elevation in 2KGH rabbits that developed malignant hypertension during indomethacin treatment, one should consider that this type of hypertension is highly dependent on the levels of PRA. 2526 In fact, the simultaneous changes in blood pressure and PRA exhibited by the four rabbits from the beginning of the experiment support this concept. The development of two-kidney hypertension was paralleled by an increase in PRA; the decrease in PRA induced by indomethacin was accompanied by a transient decrease in blood pressure, and with the development of the malignant phase, both blood pressure and PRA increase. In these rabbits there also was a positive relationship between the increments in PCr and in blood pressure, and during this period they experienced significant oliguria. Therefore, expansion of the extracellular fluid volume could have potentiated the pressor effect of renin. 27 An interesting observation made on the four rabbits with severe 2KGH was that malignant hypertension developed in the presence of levels of renin which were not higher than those recorded before treatment began. If one considers that other investigators have shown that indomethacin potentiates the vasopressor responses to catecholamines and angiotensin, 28 one might assume that VOL. 40, No. 1, JANUARY 1977 in these four rabbits the vasopressor action of angiotensin could have been considerably potentiated by the blockade of prostaglandin. The sudden increase in blood pressure observed in the four rabbits with decreased RBF seems unlikely to be explained by the natural evolution of the disease because such an outcome has never been observed in 2KGH rabbits with similar blood pressure levels kept alive for 80 days.
29
A highly reproducible change that was observed in normal, 1KGH, and 2KGH rabbits treated with indomethacin was a significant decrease in PRA. This confirms the previous observations of our group. 9 -30 From these experimental studies designed to elucidate the mechanism of the lowering effect of indomethacin on PRA, we concluded that such a phenomenon is not due to the interference by this drug with the renin-angiotensinogen reaction but rather to the blockade of renin release. 31 If a decrease in renin release, and thereby in PRA, is due entirely to indomethacin and is not related to the blockade of prostaglandin synthesis, then it could be theorized that indomethacin is not the drug of choice to investigate the effect of prostaglandin withdrawal on blood pressure. The elevation in blood pressure expected after the disappearance of the vasodilator action of prostaglandin would be blunted by the depressive side effect of this drug on renin release. However, if the decrease in renin release is inherent in the blockade of prostaglandin synthesis and the withdrawal of prostaglandin is physiologically accompanied by a reduction of PRA, then the role of prostaglandin in the regulation of blood pressure will have to be considered within the context of the parallel changes elicited in the renal pressor system. The latter speculation may be correct, since attempts to separate the effects of blockade of prostaglandin synthesis from those exerted on renin release by the use of other blockers of prostaglandin synthesis with a molecular configuration different from that of indomethacin (such as meclofenamate and aspirin) have been negative so far. 32 All these considerations are important because they restrict our experimental design in examining the cause of indomethacin enhancement of blood pressure reported by other investigators to experimental circumstances in which the blockade of prostaglandin will predictably be accompanied by a decrease in PRA.
In summary, the data obtained from this study show that the effect on blood pressure of the blockade of prostaglandin synthesis produced by indomethacin in normal rabbits and in renovascular hypertensive rabbits is conditioned by renal function. In 2KGH and 1KGH rabbits with severe impairment in renal circulation, the administration of indomethacin caused renal insufficiency and increased hypertension and this could be attributed largely to either volume expansion or a further increase in PRA.
In renal vascular hypertensive rabbits with normal renal circulation and in normal rabbits, the blockade of prostaglandin synthesis produced by indomethacin is followed by a significant and sustained decrease in PRA and by no major changes in blood pressure.
